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Abstract
Electromechanical resonators are sensitive to the material parameters of a surrounding medium and therefore can be 
used as sensors for viscoelastic properties and density. In our recent work, we presented a metallic plate resonator 
excited by Lorentz forces in a permanent magnetic field. We improved the interface circuitry by using signal 
transformers, so that it is now possible to make accurate measurements using a commonly available low-cost audio-
interface. Beside that, the necessary sample volume is reduced to a maximum of 50 μl, so that a drop of liquid covers 
the sensitive area. Using a reflector parallel to the oscillation plane, standing waves in the gap could be generated. A 
desirable feature of resonator sensors is tunability over a significant frequency range. We investigated mechanisms to 
change the resonance frequency, e.g. an electric current that induces thermal stress. These advancements pave the 
way for a versatile low-cost, easy-to-use solution to measure viscoelastic properties in numerous applications. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction
Viscosity and density are physical properties of fluids that are critical for manifold processes in 
industry. Beside their direct importance of determining the flow characteristics, they can also be used to 
quantify the chemical condition, e.g., of lubricants, fuels, electrolytes, or the progress of crystallization or 
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polymerization. In literature, a variety of concepts are present, e.g. piezoelectric bulk and surface guided 
wave devices, cantilever-like structures, and MEMS resonators, which are used to measure the viscosity 
and mass density of (in most cases) Newtonian liquids [1]. Quartz shear-mode resonators have been used 
for viscoelastic media, but the high frequency range represents a significantly different rheometric regime 
[2,3]. The millimeter-sized in-plane resonator presented in our recent publications [4,5] has the advantage 
of sufficiently low resonance frequency and high quality factor even in liquids of higher viscosity. 
2. Sensor principle 
While density is a well-defined property, viscosity is revealed only during dynamic (shear) 
deformation and may depend on the way it is actually measured. This is specifically true for materials 
known as non-Newtonian and viscoelastic fluids – where the reaction force depends on the rate, amount, 
frequency, or duration of the deformation. Often these effects are accompanied by an elastic behavior, so 
the respective dynamic properties are the viscoelastic storage and loss (shear) moduli denoted as G’()
and G’’(), respectively. 
At small deformation, the response is assumed to be linear, so a complex material response function 
G() = G’() + iG’’() can be defined for shear – compression can be neglected for liquids in the aimed 
frequency range. Another common notation is the complex viscosity, related to the shear modulus by 
() = G/(i). Knowing the full spectral behavior not only is required for calculating the response to 
arbitrary deformation like wave propagation, but also allows insight in relaxation and diffusion processes 
at the molecular scale. 
Since there is no single instrument or sensor that could cover the whole range, the goal is to design 
devices that measure at frequencies of particular interest. We aim at frequencies one to two orders of 
magnitude above what can be accessed by laboratory rheometers (typically 100 Hz), and at sensors with 
integrated readout. The reaction force on the resonator can be modeled by an acoustic transmission line – 
in the case of free damping, this force is proportional to the resonator area and the square root of G times 
the density .
While previously, the resonator was fully immersed in the sample liquid, in this contribution we will 
study the response if the sensor is exposed partly. A droplet of 50 μl is deposited on the round surface as 
shown in Fig. 1, a photograph of the setup in Fig. 2. Alternatively, a reflector is placed parallel to the 
resonator plane to form a filled gap – the sample liquid is maintained in place by its surface tension. 
Under certain conditions, reflected shear waves travelling in the defined gap width extend the viscosity 
range as well as the capability to measure at frequencies where standing-wave resonances occur. 
Figure 1: The sensor consists of a metallic plate resonator where the sample is placed on the circular area in the center. The 
electrodynamic transduction mechanism allows integrated excitation and readout.
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Figure 2: Photograph of the setup, the PCB is mounted in an optical bench to achieve high mechanical stability and proper 
alignment of an optional reflecting plane parallel to the resonator plate. 
2.1. Readout
The sensor readout is achieved using a high-quality audio interface. To excite the oscillation, a chirp 
signal of 2 s centered to the resonance frequency (1.5 kHz) is generated. A signal transformer of 16:1 is 
used to match the output impedance. On the readout-port of the sensor, a second signal transformer of 
1:100 is used to increase the induced voltage signal. At the same time of excitation, this signal is 
recorded. The frequency response is then calculated in the Fourier domain, see Fig. 3. 
Figure 3: Schematic of the sensor readout with a wideband excitation signal generated by an audio output, and calculation of the
frequency response from the recorded response signal. 
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2.2.  Resonance tuning 
Three different mechanisms for tuning the resonance frequency were investigated. The first is to apply 
an additional direct current to the springs so that thermal stresses are generated. This decreases the 
resonance frequency by reversibly collapsing the springs, but also reduces the quality factor. The next 
method is to stretch the spring mechanically. The achievable tuning range is about one octave, above the 
mechanical limit of the material is reached. For a wide tuning range, a moveable support of the springs is 
necessary. Preliminary test with an adjustable support yielded a tuning range from 1.5 kHz to 8 kHz.  
3. Results 
Measured resonance frequency and quality factors are shown in Table 1, also the shear wave 
penetration depth for each sample was calculated. The sample liquids 1-3 are viscosity standard based on 
silicone oil. Liquids 4-9 are aqueous suspensions prepared by diluting a Ludox silica solution (particles 
about 15 nm) with DI water. 
Table I: List of sample liquids, shear-wave penetration depth, measured resonance parameters
Nr. Description 
mPa.s kg.m-3 μm
fr
Hz
Q
1 Brookfield 5 4.9 760 37.1 1492.9 49.9 
2 Brookfield 50 49 760 118.2 1469.8 19.5 
3 Brookfield 500 490 760 384.3 1389.5 9.3 
4 Water 0.9 998 13.7 1495.7 69.8 
5  = 2.9% silica in H2O 1.1 1044 14.7 1494.7 64.5 
6  = 5.8% silica in H2O 1.3 1088 15.9 1493.7 59.7 
7  = 8.8% silica® in H2O 1.6 1132 17.5 1490.2 55.0 
8  = 11.7% silica in H2O 2.1 1176 19.4 1488.2 49.0 
9  = 14.6% silica in H2O 2.7 1220 21.9 1485.9 45.3 
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